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Abstract 
All phosphoric acid concentration units suffer from fouling requiring frequent shutdowns, cleaning and start-up cycles. These 
cycles are time consuming. Any process and control improvement facilitating the operations can lead to significant increase on 
strong acid production. This study shows how dynamic simulation can be used to conduct engineering studies, operational studies 
and training simulators to optimize the operability of a greenfield phosphoric acid concentration unit. In order to perform this 
optimization, a first principle model predicting how process and associated control will respond as a function of time was created 
based on all plant’s engineering information. The model can be further combined to DCS graphics and field operated devices 
schematics to facilitate procedure testing. Constant pressure and constant temperature start-up procedures were tested in order to 
estimate which procedure minimizes time to concentrate acid from 25% to 50% P2O5. It was found that both procedures were 
equivalent in terms of time and energy consumption, but constant pressure strategy is simpler and safer, potentially leading to less 
human related losses. These procedures were performed executing step-by-step actions, allowing determining most frequent 
mistakes, any missing actions and improving the existing written procedure. Furthermore, the simulator allowed verifying 
equipment design, interlocks, control logic and identifying new control enhancement opportunity. In addition, many tools available 
with the dynamic simulator can be used for operator training purposes leading to potential operability gains. 
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1. Introduction 
Phosphoric acid production industry faces several process, operational and human challenges. Daily process 
problems are caused by equipment scaling, feedstock variation in composition and impurities, amongst others. No 
extensive study addresses production losses directly related to human error specifically for the phosphate industry. 
The US process industry losses are about $10 billion annually due to human errors, which corresponds to about 50% 
of all production losses [1]. Human contribution to industrial accidents is about 70-90% on most industries [2]. It is 
established that most of these human errors are related to insufficient operator knowledge, inadequate and slow respond 
to changing plant conditions [3]. Furthermore, many plants facing aging workforce, eligible to retirement, need to 
transfer their knowledge to new employees. 
Despite losses, optimization of plant start-up and shutdowns operations can potentially lead to significant gains. 
Testing and comparing different procedures in order to minimize time, field operations and utilities consumption can 
hardly be done safely without production losses on a real plant. 
Prayon Technologies S.A. (PRT) and the Global Training & Simulation division of SNC-Lavalin inc. (GTS) have 
joined their expertise to address these challenges through dynamic simulation (DS). This tool is not only valid to 
realize engineering studies or conduct complete start-up procedures with the actual dynamic response of the real plant, 
but can also capture tacit knowledge from experienced operators for the benefit of younger ones. 
Nomenclature 
DCS Distributed Control System 
DS Dynamic Simulation 
FOD Field Operated Devices 
FP Fluid Package 
GTS SNC-Lavalin inc., Global Training & Simulation division 
HMB Heat and Mass Balance 
HMI Human Machine-Interface 
OTS Operator Training Simulator 
PRT Prayon Technologies SA 
WPA Weak Phosphoric Acid 
2. What is Dynamic Simulation? 
Dynamic Simulation (DS) can be described as a mathematical model predicting how a process and its associated 
control system will respond to various disturbances as a function of time [4]. Like a flight simulator, DS can be seen 
as a reproduction of a plant behavior and operating conditions over time. Mathematical models can be developed 
based on physical and chemistry first-principles, or on empirical (statistical and regression) models. Because it 
incarnates the dynamic behavior of a process, multiple usages were reported in the literature (also presented at Fig.1): 
x Engineering studies like process design and control validation for greenfield plants or revamps [5]. It also 
includes Safety studies and flare systems studies [6]. 
x Operational studies, e.g. evaluation of start-up and shutdown procedures [7]. 
x Operator Training Simulators (OTS) [8]. 
The level of fidelity will tend to be higher for engineering studies, but usually limited in terms of process scope 
compared to operational studies or OTS. 
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This study used a commercial simulation software (Honeywell’s Unisim Operations Suite R430) based on first 
principles models, to reproduce a phosphoric acid concentration unit. Also, some empirical data from laboratory 
analysis of weak and strong acid where used to tuned the DS. 
2.1. What are the main components of a dynamic simulation? 
The first step in creating a DS is to build a dynamic model of a plant. This implies both process and controls are 
developed simultaneously. For instance, simulating a vessel partially filled with liquid needs some way to control the 
level and the pressure. One needs to add a unit operation to represent the vessel, but also the feeds and products with 
their associated control. Commercial simulation softwares have the advantage to offer pre-defined process and control 
generic unit operations such as pumps, vessels and controllers. The model developer needs to use relevant datasheets 
and technical information to properly rate and size each unit operation selected. As showed at Fig. 2, the developer 
selects a unit operation from a palette (here a separator at step 1) and adds it in the model flowsheet (step 2). Then the 
unit operation is connected to the other unit operations already in the flowsheet (step 3). Finally, based on separator 


















Fig. 1. Usage of dynamic simulation 




















Fig. 2. Simplified steps to build a dynamic model. 
At this point, the dynamic model can be used directly to conduct any engineering studies, by varying equipment 
sizes, capacities, volumes, control set points, algorithms or strategies. Coverage of engineering studies is wide and 
can easily be used for design improvements or to predict plant behavior. Usage of DS is also summarized at Erreur ! 
Source du renvoi introuvable.. 
For operational studies, a human machine-interface (HMI) layer can be added on top of the dynamic model to 
facilitate the interaction between the model and the user. HMI and faceplates are preferably imported from the existing 
plant Distributed Control System (DCS), allowing the same look and feel of the real control room. Field operations 
can also be represented with custom HMI or using an immersive training simulator (3D interface). Finally an OTS 
integrates all the above-mentioned components and adds training features. One main goals of an OTS is to monitor 
trainees’ performance when conducting pre-defined exercises. A typical exercise is composed of: 
x Scenario - event that upsets the process (ex: pump failure) or a specific procedure to perform (ex: start-
up). 
x Pre-defined key parameters with their limits, to evaluate trainees’ performance. 
x Scoring system. 
x Pre-defined time duration to perform the exercise.  
x Report presenting trainees results. 
2.2. How to build a phosphoric acid concentration unit OTS? 
The concentration process includes a loop where phosphoric acid is recirculated by an axial-flow pump through 
the heat exchanger and the evaporator which is under vacuum. As the acid is heated up to its boiling point, water 
evaporates and the acid concentrates. For the modelled unit, vacuum is ensured by a condenser, a steam ejector and a 
vacuum pump, all in series. 
The methodology used to build the phosphoric acid concentration unit OTS is presented at Fig. 3. The first step is 
to obtain a detailed heat and mass balance (HMB) of the plant to model. For greenfield plants, a process flow diagram 
can be used, while existing plants need to create a HMB based on field surveys. Before the model is built, attention 
must be brought to the acid composition. Typical characterization of phosphoric acid is done in terms of laboratory 
components such as F, P2O5, Al, Fe, which are not real components flowing in the process. To rigorously calculate 
the physical properties, commercial simulation softwares only recognize real components. To overcome this issue, 
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laboratory components must be converted into real components (step 2). Real components are then defined and an 
activity coefficient fluid package (FP) is selected in the software (step 3). The FP is defined as a collection of 
estimation methods that calculates thermodynamic (ex: enthalpy) and transport (ex: thermal conductivity) properties 
based on temperature, pressure and fluid composition. Numbers of FP are available in the commercial simulation 
software and selection of FP is based on nature of the fluid, the composition, pressure and temperature range [9].  
To validate the FP and components properties (step 4), it is necessary to test several stream conditions, varying 
composition, temperature, solid content, and ensure that physical properties are close to laboratory results. The next 
step (no.5) is to build a static simulation with the commercial software and compare the results with the HMB from 
step 1. Static simulation (in opposition to dynamic simulation) is totally independent of time and provides steady state 
information of a process without any process control. This comparison allows a verification of assumptions made on 
the acid composition and ensures data validity. If process conditions (temperature, pressure, flows, composition) 
differs more than 5% between static model and the initial HMB, than one needs to return through steps 1 to 4 and 
revise assumptions made at each step. Once this comparison is completed, then the development work starts where 
the dynamic model is built with unit operations connected properly (step 6). Once the model is completed and fully 
customized based on plant’s engineering data, the DS at steady state conditions is compared to the static simulation 
from step 5. Small differences may be expected since static simulation usually neglects phenomena such as thermal 
losses and pressure drop in minor equipment, amongst others. In the event of a process key parameter significantly 
vary from the static simulation, it must be investigated to understand the cause. When the DS model is validated, then 
additional aspects are added such as interlocks and alarms (step 8). 
Once the dynamic model is completed, it can be used directly for engineering studies. But it becomes difficult to 
use this model directly for procedure testing or to train personal because the model flowsheet contains a huge number 
of fluid and logic lines. Adding a replica of DCS graphics and faceplates becomes inevitable for practical reasons 
(step 9). Similarly, creating field operated devices HMI facilitates the interaction between the user and local devices 
such as manual valves, pumps’ and compressors’ local control panel, local instrumentation, and sampling ports (step 
10). 
Fig. 3.Steps to build an operator training simulator for a phosphoric acid concentration unit. 
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After integrating the DS with HMI, step to an Operator Training Simulator (OTS) is not far ahead. The “Training” 
aspect is fully achieved by creating exercises and automated reports (step 11), allowing the trainee to face specific 
upsets or perform procedures while having a feedback based on process key performance variables monitored. A final 
testing step is realized to ensure process dynamics for each exercises follows customer expectations. 
 
As part of this project, SNC-Lavalin GTS (GTS) and Prayon Technologies SA (PRT) jointly combined their 
expertise to create an OTS for a greenfield phosphoric acid unit. GTS provided the DS expertise while PRT used its 
process and technology expertise to enrich OTS accuracy and realism. The scope includes the evaporator loop and 
vacuum unit as shown by simulator’s HMI at fig.4-5. The OTS also emulates the alarm manager and trends similarly 
to a real DCS. 
3. Benefits of the dynamic simulation 
3.1. For engineering studies 
DS is a fast tool to test any process or design changes and predict the overall results of a plant. Since the results 
come from a model that calculates all conditions, the DS has the ability to run faster than real time (in this case, 25 
times faster). 
a b 
Fig. 5. (a) Concentration and (b) vacuum units Field Operated Devices HMI 
a b 
Fig. 4. (a) Concentration and (b) vacuum units DCS HMI 
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Fig.6 presents an example of engineering study, showing the impact of seasonal variations on cooling water 
temperature at the condenser over the minimum pressure achievable in the evaporator (considering no air bleed valve 
open and ejector by-passed). A quick analysis shows that when cooling temperature is 38°C, the minimum achievable 
pressure in the evaporator at 100% capacity is 132 mbar. The boiling point of a 50% P2O5 acid at this pressure is 
beyond 92°C. At this temperature, an interlock is triggered (set at 92°C) and stops the plant. This situation shows why 
it is so important to control properly the cooling tower. At the opposite, a decrease on cooling temperature leads to 
lower evaporator pressure, hence the acid can be heated to lower temperature for an identical P2O5 concentration.  
3.2. Procedure testing 
Applying directly a new procedure on the field could be unsafe and could generate time and production losses. 
Testing a procedure first in a simulator can be a great benefit to optimize the procedure and to avoid some undesired 
situations. In this matter, start-up procedures were tested and the key outcomes are resumed below. 
Case study: Start-Up Procedures 
The tested procedures were performed starting from an empty and cold concentration loop, at 25°C and atmospheric 
pressure. In addition, the acid available for the start-up was weak phosphoric acid (WPA) at 25% P2O5 and 55°C. 
The target concentration is 50% P2O5. The equilibrium conditions for the designed concentration unit at this P2O5 
concentration are 86°C and 120 mbar in the evaporator. 
a) Start-up Strategies 
There are mainly two strategies to start a concentration unit with WPA: start-up at constant pressure or at constant 
temperature as showed in Fig. 7. Both strategies are started the same way: concentration loop is filled with WPA (step 
1), recirculation pump is started (step 2), water is sent to condenser, vacuum pump is switched on (step 3), and steam 
to heat exchanger is fed and increased gradually to design flow (step 4) of 28 T/h (metric tons per hour). 
The constant pressure strategy consists in applying directly a pressure of 120 mbar(abs) in the evaporator. The 
steam is heating up the WPA to its boiling temperature at 120 mbar and evaporation starts. With evaporation, the 
P2O5 concentration in the acid increases. As the boiling temperature increases with P2O5 concentration, the acid 
temperature increases gradually up to 86°C. 
Fig. 6. Influence of cooling water temperature on evaporator temperature and pressure 
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With the constant temperature strategy, the acid is heated up directly to 86°C and the set point of the evaporator 
pressure controller is constantly adjusted in order to maintain this temperature. As the P2O5 concentration increases 
by evaporation of water, its vapor pressure decreases. As a result, the absolute pressure has to be decreased 
progressively in order to maintain the temperature at 86°C. 
 
One phosphoric acid producer could wonder which one of these strategies is the best one in terms of operability, 
consumption of time, steam and electricity. The dynamic simulation can provide accurate answers to these 
questions. The two start-up strategies were tested several times in the dynamic simulator. Fig. 8 below summarizes 
the results obtained with the two strategies by operating the concentration loop with the same WPA composition, the 
same WPA volume fed in the concentration loop and the same maximum steam flow (28 T/h). 
 
The simulator also allowed to record trends during the start-up. Based on Table 1, it appears that the cost differences 
between the two strategies are very low. Both strategy resulted with almost same start-up time, with constant 
temperature strategy being little longer. As the mass heat capacity increases at higher temperature, the constant 
temperature strategy is consuming 1% more steam. In addition, when operating at higher temperature, the installation 
Fig. 7. Simplified steps of constant pressure and constant temperature start-up strategies 
Fig. 8. Evolution of evaporator a) pressure and b) temperature over time for constant pressure and constant temperature start-up strategies. 
Influence of steam flow to heat exchanger is also depicted for the constant pressure strategy. 
a b 
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is more subjected to heat losses than the constant pressure strategy. As slightly more heat is required and the maximum 
steam flow is limited to 28 T/h, it takes slightly more time to provide the requested heat to reach the 50% P2O5 in the 
constant temperature strategy. The pumps are then running a longer time and it is why the consumed energy is higher. 
The estimation of the electrical consumption has also shown that 62% of the total consumption comes from the acid 
loop circulator and that 34% comes from the vacuum pump. Let’s consider that the concentration unit has to be stopped 
for washing once a week (usual frequency) and that the start-up is made with WPA (as it is the case when the strong 
acid contains too much solids). Based on these results, on one year, the constant temperature strategy will take about 
2 hours 30 minutes, 195 tons of steam, and 1.4x107 kJ more than the constant pressure strategy, which is a negligible 
difference. 
 
Table 1. Key results of the start-up strategy comparison to reach 50% P2O5 heating with 28 T/h steam 






Time (min) 859 862 0.34 
Consumed steam (T) 366 370 1.06 
Consumed energy (kJ) 1.57x107 1.60x107 1.76 
 
Nevertheless, the constant pressure strategy has a clear advantage: it is much easier to apply and consequently, less 
subjected to human mistake. Indeed, the main observation of the strategy comparison is that the constant temperature 
procedure is requesting far more human operations. The reason is that the set point of evaporator pressure has to be 
regularly (every 40 minutes approximately) adjusted in order to maintain the acid temperature between 85.5 and 
86.5°C. If the operator is not controlling the pressure, the temperature will increase, and at 92°C or beyond, an 
interlock will be triggered. This interlock, protecting the material from too high temperature, stops the steam flow and 
the condensate pump, hence leading to down time. 
For the constant pressure procedure, once the pressure controller is fixed at 120 mbar, the temperature will increase 
progressively with the P2O5 concentration and no change in the pressure controller of the evaporator is required. 
Consequently, the strategy at constant pressure is easier to operate and safer. 
The constant pressure start-up strategy was further optimized for this greenfield plant by determining the maximum 
steam flow was 31 T/h without exceeding 3°C increase at heat exchanger. Erreur ! Source du renvoi introuvable.a 
above shows the evaporator pressure was maintained at pressure slightly above 120 mbar. Based on Erreur ! Source 
du renvoi introuvable.b, it turns out that start-up time could be lowered by 2 hours, but to prevent exceeding a 
temperature of 89°C at the heat exchanger outlet, the steam flow was gradually reduced during the last three hours of 
the start-up (as it was done for the other procedures during the last hours). 
b) Frequent mistakes 
The simulator can be used to identify what are the most frequent human mistakes when applying a procedure. The 
procedure can then be optimized in order to insist on critical points. 
Several process engineers have tested the start-up procedure (with constant pressure strategy) in the simulator. It 
has been observed that four mistakes occurred several times: 
1. Level in the evaporator decreased under the low level switch and this one triggers the interlocks 
stopping the recirculation pump, the steam feeding and the condensate pump. 
2. They forgot to send water to the liquid ring of the vacuum pump before starting this pump. 
3. They forgot to close the steam vent valve on the heat exchanger which is used at the heat exchanger 
start-up. 
4. They forgot to open some manual valves at pump suction and discharge. 
Concerning the mistake 1, a solution can be provided to avoid triggering the interlocks and is presented in section 
c) below. The situation referred in the mistake 2 can be easily avoided by adding an interlock which prevents starting 
vacuum pump if no flow of water is going to the liquid ring. Mistake 3 results in a slight useless overconsumption of 
steam but is usually avoided since vented steam causes much noise easily detectable. Mistake 4 can damage a pump 
if the pump suction valve is not rapidly opened. These last two errors are usually less an issue because operators will 
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rapidly realize that there is a problem. Based on this experience, it is possible to insist on these points on the written 
procedure. 
c) Level control in the evaporator 
In continuous operation, the level is controlled by overflow from the evaporator to the product acid pump which 
sends acid to storage. During the start-up, the product acid pump is switched off since it is undesired to send WPA to 
the strong acid storage. The concentration unit is then running in a closed loop. 
As water is evaporated during the start-up, it is requested to feed the concentration unit with WPA. If insufficient 
WPA is fed, the level in the evaporator will decrease. If this level decreases down to low level switch, interlocks stop 
the circulator, close the steam valve and stop the condensate pump. This situation is time-consuming since the pumps 
have to be restarted and steam valve have to be opened. 
During the testing of the start-up procedure, the simulator showed that it was very useful to add another low level 
switch (with its alarm) above the level switch that triggers the interlocks. Indeed, it allows the operator to increase the 
WPA feed flow when the first low level switch is reached and is likely avoid triggering low level interlock. 
Consequently, restarting the concentration unit is prevented by adding instrumentation. 
This case is demonstrating that testing some key procedures in a dynamic simulator allows validating if all the 
required instrumentations for easy operation are foreseen during the design phase of a new plant. 
Generalization of the start-up procedure example 
The previous example of the start-up procedure has shown what kind of benefits can be provided by testing a 
procedure with a dynamic simulator. 
First of all, the simulator is a useful tool to estimate how much time, energy, and raw material are consumed when 
a given procedure is applied. Such information can be used to compare different procedures that have the same goal. 
The comparison was applied for two start-up strategies of a concentration unit. The difference between the two 
strategies was not significant in term of time, steam, and energy consumption. But, it was pointed out that one 
procedure was easier and safer to operate (constant pressure strategy). Furthermore, one can identify what operations 
are not listed in the procedure and what operations are more subjected to human mistake. Based on this testing, 
instrumentations, alarms or interlocks can be added in the plant in order to minimize their occurrence. 
3.3. Potential control improvements 
All the desired instrumentations and control logics of a plant can be modeled in the simulator. This modeling allows 
the simulator to react as a real plant. As a result, DS can be used to test a given strategy of control in the plant or to 
compare different control strategies. Testing can also be done on the operability range of controlled variables. A 
control strategy comparison is presented in the next section. 
 
Example: Control of the evaporator pressure 
Since P2O5 concentration in the acid loop is directly related to temperature and pressure in the evaporator, it is 
critical to control the pressure in the evaporator in order to produce an acid at the requested P2O5 concentration. Two 
different ways to control the pressure at the evaporator are presented in Fig. 9. 
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Fig. 9. Evaporator pressure control strategies 
The vacuum circuit consists in a main condenser, a steam ejector, a second small condenser, a droplet separator 
and a vacuum pump. The pressure control is done by injection of air in the vacuum circuit. When there are a steam 
ejector and a vacuum pump in series, one could wonder either to place the air intake line just before the vacuum pump 
(Fig. 9 configuration 1) or just before the steam ejector (configuration 2). 
The two configurations were tested in the concentration unit simulator in order to evaluate the impact on the 
pressure control. The first configuration showed that if the air valve is placed just before the vacuum pump, its opening 
has a very limited impact on the pressure in the evaporator. The reason of this observation is that the ejector discharge 
pressure does not affect suction pressure as long as the ejector discharge pressure is below the maximum discharge 
pressure of the ejector [10]. When air is injected just before the vacuum pump, discharge pressure increases. This 
increase neither impacts ejector’s suction pressure nor ejector’s gas load. Therefore, evaporator’s pressure remains 
still. 
With the second configuration, an air bleed control valve is connected at the steam ejector suction pipe. The 
evaporator pressure is easily controlled as it will directly change ejector gas load. The higher the gas load, the higher 
the absolute pressure at the suction of the ejector. Similarly, the lower gas load, the lower the operating pressure [10]. 
3.4. Training 
As seen above, the DS is reused to build an OTS, by mimicking same look and feel of a typical DCS environment 
and adding exercises. Workforce training in a plant can take several approaches and tools, like on-the-job training and 
e-Learning. Without replacing any existing approach, the OTS is a novel performance-based tool for phosphate 
fertilizer industry providing a safe and versatile environment for the control room operators to realize training 
scenarios: abnormal situations, infrequent tasks, hazardous situations or perform procedures. Some features provide 
creation of unlimited training scenarios. 
Compared to traditional classroom training (including demonstrations and video presentations), simulator-based 
training leads trainees to much higher retention performance [11]. Still simulator-based training does not supersede 
other learning strategies, like on-the-job-training, e-Learning or class room presentation. Recent studies consider 
blended learning model as the most effective way of training, mixing face-to-face learning with technology based 
learning such as simulators [12] 
1 2 
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4. Model limitations and possible future enhancement 
Phosphoric acid concentration unit process key parameters (temperatures, flows and pressures) were compared 
between DS and initial HMB at nominal flows. The relative difference observed was generally extremely low, not 
exceeding 2%. 
During the startup using the OTS, we found that difference was higher based on PRT expertise with the real plant 
behavior. The differences were mostly explained by the fact that FP can still be fine-tuned, mostly regarding the vapor 
pressure and the mass heat capacity of the phosphoric acid at low P2O5 concentration (less than 40%). Another factor 
is the fact that conversion factors of the reactions inside the concentration unit were kept intentionally constant for the 
purpose of the study. 
5. Conclusion 
A methodology was developed to build high-fidelity dynamic simulation (DS) of phosphoric acid concentration 
units. The DS addresses multiple usages, from engineering studies and operational studies to operator training. For 
engineering studies, any process or control variable can be changed and the overall behavior of the unit can be 
observed. The simulation tool was further improved by adding DCS and FOD HMI to ease procedures validation, 
executing step-by-step actions. Performing start-up procedures led to better understanding of the process and common 
mistakes, identifying missing steps and possible control enhancements. An operator training simulator (OTS) was also 
created allowing creation of exercises.  These exercises can monitor trainees response to abnormal situations. 
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